DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, make any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof. We report x-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) spectra from the plutonium L[ll edge and XANES from the cerium Lll edge in prototype titanate ceramic hosts. The titanate ceramics studied are based upon the hafnium-pyrochlore and zirconolite mineral structures and will serve as an immobilization host for surplus fissile materials, containing as much as 10 weight 'XO fissile plutonium and 20 weight 0/0 (natural or depleted) uranium. Three ceramic formulations were studied: one employed ceriurn as a "surrogate" element, replacing both plutonium and uranium in the ceramic matrix, another formulation contained plutonium in a "baseline" ceramic formulation, and a third contained plutonium in a formulation representing a high-impurity plutonium stream. The cerium XANES from the surrogate ceramic clearly indicates a mixed III-IV oxidation state for the cerium. In contrast, XANES analysis of the two plutonium-bearing ceramics shows that the plutonium is present almost entirely as Pu(IV) and occupies the calcium site in the zirconolite and pyrochlore phases. The plutonium EXAFS real-space structure shows a strong second-shell peak, clearly distinct from that of PuOZ, with remarkably little difference in the plutonium crystal chemistry indicated between the baseline and high-impurity formulations.
E2L4FS AND X.4NES AN.4LYSIS"OF PLUTONIUi'M AND cERIUM EDGES FROM TITANATE CERAMICS FOR FISSILE MATERIALS DISPOSAL
We demonstrate use of XANES and EXAFS for characterizing the oxidation state and coordination environment of plutonium and cerium (as a plutonium "surrogate") in prototype samples of the immobilization ceramic. The chemical formulations of the baseline~'AO") and high-impurity ("A9") titanate ceramics studied are provided in Table 1 . The surrogate ceramic had a chemical composition similar to AO, with cerium substituted for plutonium and uranium on a molar basis. The major phases in these ceramics are pyrochlore [A2Ti207], zirconolite
[ABTi207], Hf-bearing rutile (Ti02), and brannerite [BTi206], where A = Ca, actinides (ACT), and rare earth elements (REE), and B = ACT, REE, Zr, and Hf. Additional minor phases may occur depending on waste loading; these include uranium oxides and glassy phases. The glassy phases (and rutile) fill interstices between the major phases [1] . Both Hf and Gd are added to the ceramic formulation as neutron absorbers in order to satisfi a defense-in-depth concept for the waste form. The AO and A9 samples were both calcined in air (stagnant, 750 'C) and sintered in flowing argon (1350 'C). The cerium surrogate sample was calcined and sintered in stagnant air (750 'C and 1350 "C, respectively).
The EXAFS measurements were made at the Advanced Photon Source (APS) using the Materials Research Collaborative Access Team (MRCAT) undulator beam line. Measurements were made in fluorescence mode with the incident intensity ionization chamber optimized for maximum current with linear response (-10 10photons detected /see). The fluorescence ionization chamber was filled with xenon gas and produced a signal of -108 photons/see above the absorption edge. A double crystal Si (11 1) monochromator with resolution of better than 4 eV at 20 keV was used in conjunction with a Pt-coated mirror to minimize the presence of harmonics. The counting time for the data ranged from 2 to 8 seconds per point in the EXAFS region. The experimental spectra were fitted using the program FEFIT from the package, and FEFF, version 8.00, to generate the scattering paths [2]. Standards for cerium were Ce(III)POA and Ce(IV)Oz, while high-fired PuOZ served as a plutonium standard. The Ce-LII XANES from the cerium surrogate ceramic was clearly located between the Ce(III) and Ce(IV) standards (Figure 1 ). Fitting the edge structure with a linear combination of spectra from the Ce(III) and Ce(IV) standards yielded an oxidation state of 3.7, consistent with earlier studies on cerium-loaded Synroc [3] . Remarkably, the entire edge structure could be reasonably fit, including the edge position, the location and relative heights of the split peaks in the L1l spectrum, and the relative height of the continuum that occurs after the white line (Figure 2) .
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The near-edge structure (xANES) contains information on the formal oxidation state of the absorbing species. The XANES was fitted by a methodology described elsewhere that uses the sum of a Lorentzian and a hyperbolic tangent function [4] . The analysis of the plutonium edge in the prototype ceramics (Figure 3) demonstrates that it is almost entirely in the Pu(IV) oxidation state. The XANES was nearly identical for the AO and A9 samples, both having the edge position and qualitative edge structure much like those of the Pu02 standard [4, 5] . . Shown is the data (hatches) with the fit generated as a sum (dark gray line) of a Lorentzian and hyperbolic tangent (light gray line) fictions. For clarity, the Lorentzian fiction is not separately shown.
The EXAFS functions (Figure 4) were nearly identical forthe AO and A9 samples, indicating a robust prefemed crystal chemical enviro~ent for the plutonium in tie ceramic. The real-space analysis of the AO ceramic in Figure 5 demonstrates a coordination environment for plutonium in the ceramic that is distinct from that in PU02 (Figure 6) . Notably, the first coordination shell of oxygen occurs at slightly reduced bond length, with a second shell coordination environment due to titanium. Residual scattering beyond the titani~shell at 3.59 is due to higher coordination shells, most likely heavy elements such as Hf, Gd, U, or Pu. The data were fitted over the k-space range from 3.0 to 10.5~-1, using k3 weighting. Fitted parameters R (bond length), N (coordination number), and & (Debye-Wailer and static disorder parameter) obtained are listed in Table 2 . The values of the bond lengths in Table 2 differ from the apparent bond lengths in Figures 5 and 6 owing to a scattering phase shift. The phase shift was incorporated into the E5H?1T fitting of Table 2 but not in the Fourier transform displayed in Figures 5 and 6 . The obtained structural information is consistent with Pu occupying the Ca site in the pyrochlore structure. Note that for the ideal (cubic) pyrochlore structure, the calcium and zirconium (hafnium) sites are indistinct, in contrast with previous studies on zirconolite [5] . 
